Apoptosis of CD4+ lymphocytes is partially responsible for the depletion of these cells in HIV-infected individuals. CD4+ lymphocytes from HIV-1-infected patients express higher membrane levels of the Fas receptor, and are particularly susceptible to apoptosis after Fas triggering. IL-1beta-converting enzyme (ICE) is a key enzyme of the apoptotic machinery involved in Fas-mediated apoptosis of normal lymphocytes. The role of ICE in mediating the increased susceptibility of CD4+ lymphocytes from HIV-1-infected patients to apoptosis has not been examined. In this study, we found that ICE mRNA was present in T cells from both HIV-1-infected patients and controls. Active ICE proteins, p10 and p20, were demonstrated by immunoblot in lymphocytes from HIV-1-infected patients and in normal lymphocytes after treatment with Fas agonist, CH11 mAb. Cocultivation of lymphocytes from HIV-1-infected persons with Fas antagonist, antibody ZB4, resulted in decreased expression of ICE protein in lymphocytes from HIV-infected patients, and decreased apoptosis. Similar effects were obtained when cells were treated with synthetic ICE inhibitors, which blocked apoptosis in response to Fas triggering. When CD4+ and CD8+ cells were sorted by flow cytometry and analyzed by reverse transcriptase PCR, ICE mRNA was present in both CD8+ and CD4+ cells. 
Introduction
Infection with HIV-1 is associated with profound depletion of CD4 ϩ cells, at least partially accounted for by apoptosis (1-3), a process that is associated with an enhanced expression and subsequent triggering of the Fas receptor (Fas-R) 1 (4) (5) (6) (7) . Apoptosis can be mediated by cross-linking of the Fas-R by either soluble or membrane-bound Fas ligand (Fas-L), and we have previously demonstrated increased levels of soluble and cellassociated Fas-L expression on lymphocytes of HIV-1-infected patients (5) . Despite substantial work in this area, factors governing selective apoptosis and depletion of CD4 ϩ cells are still unknown. Although the Fas-R is upregulated on both CD4 ϩ and CD8
ϩ lymphocytes from patients with AIDS, CD4 ϩ cells are selectively sensitive to Fas-mediated apoptosis (5) .
Cross-linking of Fas-R leads to activation of an array of cysteine proteases (caspases) in a cascade-like fashion (8) (9) (10) (11) (12) (13) . The active form of interleukin-converting enzyme (ICE), or caspase-1, is produced in this process (8, 10) . ICE activates IL-1 ␤ , a proinflammatory lymphokine, and indirectly inactivates poly(ADP) ribose polymerase, an enzyme used in DNA repair (14, 15) . Overexpression of ICE results in apoptosis. Generation of oxygen and nitrogen radicals has also been associated with apoptosis, and may be activated after stimulation with TNF-␣ , IFN-␥ , or Fas-R agonists (16, 17) . Recent studies have shown that Fas-mediated apoptosis of CD4 ϩ cells could be blocked by specific inhibitors of ICE, suggesting that ICE may also be important in the regulation of CD4 ϩ cell apoptosis in HIV-1 infection (18) .
In this study, we attempted to determine the role of ICE in the apoptotic mechanism operating in CD4 ϩ cells in HIV-1 infection. We investigated the nature of the relationship between Fas-R triggering and ICE activation, and determined whether inhibition of ICE activity in lymphocytes derived from HIV-1-infected patients results in increased CD4 ϩ survival by blocking apoptosis.
Methods
Patients. Peripheral blood (PB) samples were obtained from patients with AIDS and from normal volunteers after obtaining informed consent according to protocols approved by the Institutional Review Board of the National Heart, Lung, and Blood Institute and the Georgetown University Medical Center. PB samples were obtained from 116 patients with HIV-1 infection, and 40 normal volunteers. Among HIV-1-infected patients, 80 had CD4 counts Ͻ 200, 71 had a history of at least one opportunistic infection, and 100 have been treated with antiviral agents, including ddC, AZT, or a combination. A group of 40 normal uninfected blood donors were used as controls.
Cell separation and culture. PBMC were separated using density gradient centrifugation with lymphocyte separation media (Organon Teknika, Durham, NC). Thereafter, cells were washed twice with PBS and resuspended in RPMI 1640 supplemented with FCS (both from Life Technologies, Inc., Gaithersburg, MD). Cultures were performed at a cell density of 0.5 ϫ 10 6 cells/ml. When appropriate, natural lymphocyte-derived IL-2 (Boehringer Mannheim Biochemicals, Indianapolis, IN) or PHA (Boehringer Mannheim Biochemicals) were used for stimulation at concentrations of 10 U/ml or 5 g/ml, respectively. Anti-Fas mAb CH11 (Kamyia, San Francisco, CA), an antibody that mimics the Fas-L by cross-linking the Fas-R, or ZB4, a blocking anti-Fas mAb (Amac, Inc., Westbrook, ME), were used at 1 g/ml.
Cell viability assays. Cell viability was measured using a standard Trypan blue (Life Technologies, Inc.) exclusion test or an automated colorimetric assay using the tetrazolium bromide (MTT) reduction reaction. The blue formazan product was assayed spectrophotometrically based on a standard curve and correlated to Trypan blue exclusion results.
Flow cytometry. For the measurement of Fas expression on CD4 ϩ and CD8 ϩ PBMC by flow cytometry, a whole blood test was used. Briefly, 100 l of blood was incubated with 20 l phycoerythrin (PE)-conjugated anti-CD4 or -CD8 mAb (Becton Dickinson, Mountain View, CA) combined with 20 l of FITC-conjugated anti-CD95 mAb (UB2, PharMingen, San Diego, CA). After 30 min of incubation, erythrocytes were lysed with 0.12% formic acid, and the remaining cells were washed and fixed in 0.2% paraformaldehyde using the Q-prep reagent system (Coulter Corp., Hialeah, FL). Samples were analyzed using a flow cytometer (Epics ELITE; Coulter Corp.). In some experiments, density gradient-purified cells or cultured PBMC were analyzed. Cells were incubated in a volume of 100 l with the appropriate mAb, washed twice with PBS, and fixed with paraformaldehyde. For sorting, PBMC were stained with either anti-CD4 or anti-CD8 mAb, washed, and separated with the flow cytometer. The purity of sorted cells was routinely 95-98%. Intracellular staining for ICE expression was carried out using an intracellular staining kit (PharMingen) (19) .
Apoptosis assay. PBMC were prepared as described above, washed with PBS, and stained with annexin and propidium iodide as described previously (20) . Samples were analyzed using flow cytometry.
Western blot analysis. For immunoblotting, similar numbers of PBMC obtained from HIV-1-infected individuals and normal controls were cultured without antibodies as described previously for 72 h. Cells were subsequently pelleted, and the supernatant was applied to a 100-kD filter to remove fragments. For analysis of Fas-L, plasma samples were also concentrated using a 3-kD filter before analysis. For analysis of ICE, cells were solubilized in 3% SDS. Supernatants and cells were electrophoresed in 12% SDS-polyacrylamide gels, equilibrated in transfer buffer (125 mmol/liter Tris-base, 960 mmol/liter glycine, 20% methanol), and separated proteins were transferred electrophoretically on polyvinylidene difluoride membranes (Immobilon-P; Millipore Corp., Bedford, MA). Membranes were blocked in TBST-milk (10 mmol/liter Tris-HCl [pH 8.0], 150 mmol/liter NaCl, 0.5% Tween 20, 1% nonfat dry milk, 1% BSA [Cohn fraction V; Miles Inc., Kankakee, IL]) and treated with rabbit anti-Fas-L (an antibody to the amino terminal of Fas-L) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) at room temperature. For ICE immunoblotting, a pan-ICE antibody was used (Amersham Corp., Arlington Heights, IL). After washing three times in TBST-milk, the membranes were incubated with alkaline phosphatase-labeled goat anti-rabbit IgG (1:2,000 dilution) at room temperature and subsequently with mouse antialkaline phosphatase mAb (DAKO Corp., Carpinteria, CA). Specific bands were detected using nitro blue tetrazolium/5-bromo-4 chloro-3-indolyl phosphate substrate (Pierce Chemical Co., Rockford, IL). Immunoprecipitation was performed using lysed PBMC, and ICE antibody cell lysates were analyzed on 14% PAGE and stained with silver stain (Novex, San Diego, CA). Densitometry was performed on the dried gel using a densitometer (Hoefer Scientific Instruments, San Francisco, CA).
Reverse transcriptase PCR (RT-PCR) for detection of ICE expres-
sion. Total RNA was extracted from constant numbers of purified CD34 ϩ cells using RNAsol (Cinna/Biotecx, Friendswood, TX). Contaminating DNA was digested using RNAse-free DNAse I (Boehringer Mannheim Biochemicals). RNA was reextracted with phenol/ chloroform, precipitated with ethanol, and diluted in RNAse-free water. After reverse transcription using an oligo d(T) 16 primer, ICE cDNA was amplified using the primer pair 5 Ј -GGTCCTGAAG-GAGAAGAGAA-3 Ј and 5 Ј -AGGCCTGGATGATGATCACC-3 Ј specific for human ICE mRNA. For the amplification reaction, reagents supplied in the Amplimer kit (Perkin-Elmer Corp., Foster City, CA) were used. The following reverse transcription and amplification conditions were used: 45 min at 37 Њ C, and 5 min at 96 Њ C for the reverse transcription reaction, and 30 cycles of 2 min at 96 Њ C, 1.5 min at 55 Њ C, and 2 min at 72 Њ C for amplification. PCR products were electrophoresed in 1.2% agarose gels. The bands were visualized after staining with ethidium bromide and ultraviolet light exposure.
Statistical analysis. 
Results

Differential expression of ICE in PBMC from HIV-1-infected patients and normal donors.
We first studied expression of ICE in PBMC derived from HIV-1-infected patients and normal controls. A group of 40 HIV-1-infected patients with advanced disease was selected for our study. Clinical characteristics are listed in Table I . When RT-PCR was performed on mononuclear cells from these patients and from normal blood donors using ICE-specific primers, ICE mRNA could be detected in both controls and HIV-1-infected patients (Fig. 1) .
We then studied the expression of ICE protein in normal and HIV-1-infected individuals. Western blot, in addition to providing a semiquantitative measure for ICE protein expression, also distinguishes between the active (p10 and p20) and precursor forms (p45) of ICE. When equal numbers of PBMC obtained from HIV-1-infected and uninfected individuals were analyzed by Western blot and stained with anti-ICE antibody, lymphocyte lysates from all patients but not from controls demonstrated protein bands of 10 and 20 kD, described previously as active ICE proteins (21) (Fig. 2) . Three of four asymptomatic patients taking protease inhibitors did not exhibit ICE protein. Although patients with higher CD4 cell counts appeared to demonstrate less ICE protein, the number of pa- tients with high CD4 counts ( Ͼ 250 cells/ml) was too low to show statistical significance. Addition of Fas antagonist (mAb ZB4) to lymphocyte cultures derived from HIV-1-infected patients resulted in decreases in the expression of active ICE proteins as determined by immunoblot (Fig. 3) . However, culture of normal PBMC in the presence of Fas agonist, mAb CH11, resulted in production of active ICE proteins by normal PBMC (Fig. 3) .
Differential expression of ICE in CD4
ϩ and CD8 ϩ lymphocytes. In patients with HIV-1 infection, CD4 ϩ cells selectively undergo apoptosis. When CD4 ϩ and CD8 ϩ cells from HIV-1-infected individuals were permeabilized and analyzed by flow cytometry after staining with either CD4 or CD8 mAb and anti-ICE antibodies, ICE proteins were seen predominantly in CD4 ϩ cells but not CD8 ϩ cells (Fig. 4) (Fig. 7) ; the relative amounts of ICE mRNA were not determined.
Fas-R has been shown to be an important mediator of lymphocyte apoptosis in HIV-1 infection. As ICE is involved in the mechanisms of Fas-mediated apoptosis, we investigated whether ICE and Fas (CD95) expression coincide. As demonstrated using triple-color fluorescent staining and flow cytome- 
try, most CD4
ϩ cells reacting with ICE antibodies also expressed the Fas-R (Fig. 8) .
Suppression of apoptosis by ICE inhibitors. To determine whether ICE is involved in Fas-mediated apoptosis, we used synthetic inhibitors of ICE. Blockade of ICE should result in inhibition of Fas-mediated apoptosis. When mononuclear cell cultures derived from HIV-1 ϩ patients were supplemented with Fas agonist, CH11, lymphocytes underwent apoptosis as evidenced by annexin staining, which is indicative of early apoptosis. ICE inhibitor, Ac-Tyr-Val-Ala-Asp-aldehyde, both blocked completely loss of cell viability and prevented apoptosis (Fig. 9 ) in both untreated and PHA-supplemented cultures of PBL obtained from HIV-infected patients. In cultures of normal lymphocytes, which show low rates of spontaneous apoptosis, the effects of ICE inhibitors were less pronounced (data not shown). Previously, we demonstrated that Fas agonists decreased HIV replication in HIV-infected lymphocytes (5) . We tested the effects of ICE inhibition on this phenomenon. We did not demonstrate any effect of ICE inhibitors on HIV-1 replication in lymphocytes treated with Fas agonist, CH11 antibody, but were only able to detect p24 antigen in three of five cultures tested (data not shown).
Discussion
Apoptosis and marked depletion of CD4
ϩ lymphocytes in HIV-1 infection are fundamental elements in the pathophysiology of AIDS. Previous studies have demonstrated that Fasmediated apoptosis plays an important role in these processes in HIV-1 infection (5-7). Upregulation and triggering of Fas-R cannot alone account for the destruction of CD4 ϩ lymphocytes, as increased Fas-R expression is also seen on CD8 ϩ cells, and CD4
ϩ cells appear to be much more sensitive to Fas-mediated apoptosis than CD8 ϩ cells (5, 6) . In this study, we demonstrated that lymphocytes from HIV-1-infected patients expressed much higher levels of active ICE protein than those derived from normal individuals. Expression of ICE protein was decreased by Fas antagonists (mAb ZB4), whereas Fas agonist, mAb CH11, greatly enhanced ICE expression in normal lymphocytes. Our results clearly demonstrate that although ICE mRNA was detected in both CD4 ϩ and CD8 ϩ cells, ICE protein expression was predominant in CD4 ϩ cells, and CD8 ϩ cells showed only low levels of ICE protein. These findings are consistent with observations that CD4 ϩ lymphocytes of HIV-1-infected patients are highly sensitive to Fas-induced apoptosis (5, 7) . Cocultivation of lymphocytes with ICE inhibitors resulted in decreased spontaneous and Fas-mediated apoptosis in lymphocytes from HIV-1-infected individuals. The effects of ICE inhibitors were less pronounced in normal lymphocytes, which express lower levels of Fas-R and active ICE protein. These results suggested that ICE plays a key role in the induction of apoptosis in CD4 ϩ cells of patients with HIV-1 infection. Our finding that annexin staining, which recognizes membrane phosphatidylserine, was blocked by ICE inhibitors is consistent with others' reports demonstrating that externalization of phosphatidylserine occurred after ICE activation (22) .
Regulation of ICE protein expression in lymphocytes may occur at either the pre-or posttranscriptional level. Although we demonstrated that ICE mRNA was present in both CD4 ϩ and CD8 ϩ cells, it should be kept in mind that RT-PCR does not quantify the amount of mRNA in the cell. In addition, the pan-ICE antibody used for identification of the ICE protein both for flow cytometry and immunoblotting, although recognizing active ICE proteins p10 and p20, did not bind reliably to a pro-ICE 45-kD protein weight on immunoblot, i.e., it appeared to be specific mainly for active ICE proteins. There still remains the possibility that the site of regulation of the ICE protein is at the point of activation of the pro-ICE protein, and most evidence in other cell lines suggest this.
Multiple ICE-related proteases have been described in mammalian cells (21, (23) (24) (25) . Although precursors of these cysteine proteases are found in most nucleated cells, they are not active until they are cleaved at their aspartate residues and assembled into heterodimers. The activation cascades resulting in the conversion of caspases into their active forms are initiated by cross-linking of cytokine receptors such as Fas-R or TNF-R1. Transduction pathways for the various apoptotic signals are most likely interrelated, but their effects may vary with the cell type and the transducing cytokine. Inhibition of apoptosis in CD4 ϩ cells has been demonstrated recently using a specific ICE inhibitor, while apoptosis of CD8 ϩ lymphocytes was inhibited by an inhibitor of CPP32, an ICE-related protease (18) . These findings suggest that CPP32 is the predominant ICE-like protease controlling apoptosis in CD8 ϩ cells. Unlike ICE, which triggers apoptosis easily in mammalian cells, CPP32 causes apoptosis only at high concentrations (23). In agreement with these results, we have demonstrated that the active and apoptosis-mediating forms of ICE were present predominantly in CD4 ϩ rather than CD8 ϩ lymphocytes. The constant presence of active forms of ICE in CD4 ϩ cells may account for their greater sensitivity to Fas-mediated apoptosis and explain the predominant depletion of CD4 ϩ cells in HIV-1 infection. However, the relationship of ICE-related proteases (24, 26, 27) to the apoptotic process has yet to be elucidated completely. Many ICE-related proteases are capable of selfactivation, whereas some are activated by other ICE-related proteases (12, 24). For example, ICE (caspase-1) can activate itself as well as CPP32 (caspase-3). While CPP32 is an important intermediate in granzyme B-mediated apoptosis (20, 28) , ICE appears to play no role in this process.
Expression of ICE protein and Fas-mediated apoptosis in lymphocytes from AIDS patients appears to be independent of the presence of HIV-1 in the affected cells, since only a minimal proportion of circulating lymphocytes (PBL) are infected with HIV, but Fas and its membrane-bound ligand are elevated on 30-60% of PBLs (5, 6) . It is likely that both Fas-R expression and activation result from secondary immunological mechanisms occurring in the course of HIV-1 infection. Upregulation of Fas-R expression is associated with TNF-␣ and IFN-␥ stimulation, cytokines that are produced abundantly in HIV-1 infection (29) (30) (31) . We have reported previously increases in Fas-L both in the serum of HIV-1-infected patients and in the supernatants derived from lymphocyte cultures (5). In addition, TNF-␣ and IFN-␥ have been shown to enhance Fas-R expression on a variety of hematopoietic cells (16) .
Apoptosis, as a natural means of controlling viral infection, was described initially for baculovirus (32, 33) . This mechanism can result in premature death of virus-infected cells. We have demonstrated previously that Fas-R triggering (5) was associated with significant decreases in p24 production adjusted for the viable cell numbers, but were unable to study adequately the effect of ICE in this investigation, as p24 production was low or undetectable in all patients studied-an observation that may be related to treatment with antiviral agents. Recently, the effect of ICE inhibitors on HIV replication was studied by another group of investigators, who found that ICE inhibitors increased HIV replication (34).
In conclusion, the differential expression of ICE in CD4 ϩ cells of HIV-infected patients may explain the increased susceptibility to apoptosis and eventual depletion of these cells during the progression of the disease. Our results may have implications for future therapy of AIDS, and specific response to ICE inhibitors could potentially be used to develop new treatment strategies. 
